Nanomaterial-based enzyme mimics have attracted considerable interest in chemical analysis as alternative catalysts to natural enzymes. However, the conditions in which such particles can replace biological catalysts and their selectivity and reactivity profiles are not well defined. This work explored the oxidase like properties of nanoceria particles in the development of colorimetric assays for the detection of dopamine and catechol. Selectivity of the system with respect to several phenolic compounds, the effect of interferences and real sample analysis are discussed. The conditions of use such as buffer composition, selectivity, pH, reaction time and particle type are defined. Detection limits of 1.5 and 0.2 M were obtained with nanoceria for dopamine and catechol. The same assay could be used as a general sensing platform for the detection of other phenolics. However, the sensitivity of the method varies significantly with the particle type, buffer composition, pH and with the structure of the phenolic compound. The results demonstrate that nanoceria particles can be used for the development of cost effective and sensitive methods for the detection of these compounds. However, the selection of the particle system and experimental conditions is critical for achieving high sensitivity. Recommendations are provided on the selection of the particle system and reaction conditions to maximize the oxidase like activity of nanoceria.
Introduction
Natural enzymes have been extensively studied, due to their high enzyme substrate specificity and improved efficiency under mild conditions [1] . They play vital roles in medicine, chemical industry, and agriculture fields. All natural enzymes are proteins except for some catalytic RNA molecules, and are therefore subjected to several intrinsic drawbacks. For example, they can be digested by protease, and can degrade upon exposure to variable environmental conditions. Other disadvantages include a time consuming preparation and purification process, a relatively high cost and the need for specific storage conditions [2] .
Therefore, significant interest has been shown for exploration of new and efficient enzyme mimetics. Some level of success has been achieved in this direction with the help of chemically synthesized alternatives [3] . Among enzyme mimetics, non-natural ribosomes and deoxyribosomes have been developed through in vitro selection processes [4] . Other enzyme mimetics including cytochrome P450 mimetic [5] , serine proteases mimetics [6] , dioxygenase [7] , phosphodiesterase [8] , ligase [9] , nuclease [10] and methanogenesis [11] have been explored.
Recently, inorganic nanomaterials mimicking traditional biological catalysts have received significant interest for their potential application as artificial enzymes [12, 13] . Their high surface to volume ratio, catalytic activity and abundance of reactive groups on their surface makes these materials powerful candidates as alternatives to biological catalysts.
Several types of engineered nanoparticles (NPs) have shown 'enzyme-like' activity, mostly as oxidase, peroxidase and catalase mimetics. some of these have been used as active materials in bioassays, biotechnology and in the biomedical field [12, 14, 15] . NP-based enzyme mimetics offer advantages in terms of cost, stability, ease of production and tenability of catalytic activity. Examples of NP systems with enzyme like activity include: nano-gold [16] , ferromagnetic materials such as Fe 3 O 4 [17] , Co 3 O 4 [18] , sheet like-FeS nanostructures, CeO 2 [19] , AgM (silver supported metallic nanoparticles), mesoporous silica encapsulated Pt [13] and metallic NPs supported graphene oxide [12, 20] . Implementation of these materials in analytical and bioanalytical platforms could rouse development of a new generation of devices with significantly enhanced performances in stability and robustness compared to their enzyme counterparts. However, the conditions in which biomimetic NPs can replace enzymes, their kinetic features and reactivity profiles are highly variable among different types of particles and are generally poorly defined. Whether these NP systems can truly replace natural enzymes and provide the same level of sensitivity and selectivity in analytical assays requires better understanding of their reactivity. It is known that the size, shape, concentration and dispersion medium of the NPs have a significant effect on their reactivity.
For example, the peroxidase mimetic activity of rod type Fe 3 O 4 dominated over the spheres that were much smaller in size [21] . In order for analytical assays based on biomimetic NPs to be developed, it is essential to understand how NP type and environmental conditions affect their reactivity.
In this paper, we provide a comparative investigation of the oxidase mimetic activity of cerium oxide NPs (nanoceria) and define conditions of use (buffer composition, pH and reaction time) in the design of analytical assays for the detection of phenolic compounds. We compare the kinetic and analytical performance of this particle system versus a model oxidase enzyme, tyrosinase that is commonly used in bioanalytical assays for the detection of these substrates [22] [23] [24] [25] . Nanoceria is a redox active inorganic catalyst possessing two oxidation states (Ce +3 /Ce +4 ) and has a highly mobile lattice oxygen located on its surface which facilitates the interchangeable conversion of Ce +4 and Ce +3 [26] . Its unique chemical and electronic configuration confers interesting catalytic and optical properties [27] . These particles have been reported to exhibit catalase and superoxide dismutase like activity [19] 5 | P a g e and have been used for neurodegenerative disease therapy [28] [29] [30] . The use of nanoceria particles as a superoxide scavenger [31] , protector against photoreceptor degeneration [32] , and for the healing of dermal wounds [33] has also been demonstrated. Additionally, they have been used as color indicators and as oxygen sources in oxidase enzyme assays for the detection of glucose [34] , dopamine and glutamate [35] . The comparative study reported in this work provides a correlation between the oxidase mimetic activity, the particle size and buffer composition of the NPs that is essential for their future use in analytical assays. It also establishes the optimal pH range, ionic strength, kinetic parameters and analytical performance metrics of the nanoceria based method.
Experimental section

Chemicals and biochemicals
Cerium oxide (IV), 20 wt. % colloidal dispersion in 2.5 % acetic acid, cerium oxide (IV) nano powder; cerium oxide (IV)-20-gadolinium doped nano powder; cerium oxide (IV)-15-samaria doped nano powder and cerium (IV) oxide, nanoparticles, 10 wt. dispersion in H 2 0 were from Aldrich. Cerium oxide (IV), 20 wt. % in water colloidal dispersion was from Alfa Aesar, while CeO 2 powder was from Sky spring. Dopamine hydrochloride was obtained from Sigma, while catechol (99%) was from Acros. Tyrosinase (E.C.1.14.18.1, from mushroom, 4276 units/mg as per supplier information) was prepared in phosphate buffer solution (PBS).
Buffer components for PBS including sodium phosphate and potassium phosphate were from ACROS and Sigma-Aldrich, respectively.
Solutions and buffer
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The PBS was prepared from 0. 
Instrumentation
UV-Vis spectrophotometric measurements were performed with a Schimadzu P2041 spectrophotometer equipped with a 1-cm path length cell. Measurement of zeta potential to evaluate surface charge of the nanoceria particles in various ionic strength solutions was investigated by using a Zeta PALS from Brookhaven Instruments Corporation.
Experimental procedures
To investigate the oxidase like activity of nanoceria, particle dispersions were exposed to varying concentrations of dopamine and catechol. Dopamine and catechol were added to the particle dispersions at concentrations of 0.8 and 0.35 mM, respectively. The optical properties of the oxidation products were measured spectrophotometrically. The effect of the type and concentration of particles, the pH and ionic strength for seven types of commercially available nanoceria were compared to those of a tyrosinase enzyme for these substrates. The effect of nanoceria concentration was investigated in the concentration range of 0.125 to 1x10 3 mg/L using 1 mM dopamine and 0.35 mM catechol. The concentration of nanoceria particles used 7 | P a g e in the optimization tests of pH and ionic strength was 1x10 3 mg/L with a concentration of 0.8 mM dopamine. The effect of pH was studied in PBS solutions with a pH range of 6 to 8. The effect of ionic strength was studied in PBS solutions of ionic strength compositions varying from 0.06 mM to 1M. The change in the surface charge of the nanoceria particles was assessed by DLS and zeta potential measurements. Analytical measurements to determine dopamine and catechol and to establish method performance were performed in the concentration range of 0.4 to 850 µM using 1x10 3 mg/L nanoceria dispersion. The absorbance was measured at 480 nm, corresponding to the nanoceria generated quinone complex.
Comparative enzymatic experiments were performed using the tyrosinase enzyme.
Enzymatic tests to optimize conditions were performed by varying enzyme activity in the range of 0.625 to 15 mU/mL in PBS at a pH of 6.5 in the presence of 1.4 mM dopamine and 0.75 mM catechol. Effect of the pH was assessed in PBS in the pH range from 6 to 8 using 1 mM dopamine and 0.65 mM catechol. Optimal concentrations were determined based on absorbance values corresponding to the enzymatically generated quinones. Detection of dopamine and catechol was performed in the concentration range of 0.075 to 2 mM.
Substrates were added to tyrosinase in PBS at a pH of 6.5 and the absorbance at 476 nm for dopamine and at 388 nm for catechol were measured to determine kinetic and analytical parameters.
Results and Discussion
Oxidase like activity of nanoceria: proof of concept for nanoceria based detection
The dual (Ce +4 /Ce +3 ) oxidation state and the high mobility of surface oxygen are responsible for the oxidase like activity of nanoceria. To demonstrate this activity, we have selected two 8 | P a g e phenolic compounds, dopamine and catechol, and have studied their catalytic oxidation by nanoceria. Scheme 1 illustrates the oxidation of dopamine and catechol by nanoceria and the corresponding absorption spectra for a20-25 nm nanoceria dispersion (1x10 -3 mg/L). The color of the particle dispersion changed instantaneously from transparent/light yellow to brown upon addition of dopamine and catechol. The intensity of the color is dependent on the concentration of dopamine and catechol, and varies with the type of nanoceria particle used.
The color change is due to the oxidation of the phenolic compounds by nanoceria and formation of strongly absorbing charge transfer complexes. Oxidation and formation of charge transfer complexes between ceria and dopamine was demonstrated previously with FTIR spectroscopy, XPS and UV-VIS spectroscopy [36] . The extent of change in optical properties of nanoceria particles upon exposure to phenolic compounds is associated to the ratio of Ce +4 and Ce +3 in the nanoparticle system and formation of charge transfer complexes.
The resulting change in optical properties of the reaction mixture indicates that these particles can be used as an oxidation catalyst to replace the commonly used tyrosinase enzyme, and as a new colorimetric probe for the quantitative detection of phenolic compounds. 
Effect of particle type
It is known that NPs with different physical properties may have different chemical reactivity [37, 38] . We used changes in the optical properties of nanoceria upon incubation with dopamine and catechol to assess the 'oxidase like activity' of different types of commercially available nanoceria. To demonstrate whether this colorimetric change is a common feature of nanoceria, we tested different types of nanoceria particles from seven different suppliers, both dry powders and colloidal dispersions of pure and doped particles. In addition to pure ceria, sammaria and gandolinium doped ceria were tested because these particles are known to have enhanced oxygen vacancies at their surface and potentially higher oxidation ability. Table S1 in the Supporting information (SI) provides detailed information on the seven different types of commercially available particles used in this study, including: supplier, particle size, particle size distribution as determined from dynamic light scattering (DLS) and surface charge (zeta potential value). Screening tests were performed with a particle concentration of 1x10 3 mg/L. Figure 1 shows optical images of vials containing nanoceria dispersion of the seven types of particles in the presence of 1 mM dopamine in water. In the absence of dopamine, all particle dispersions are colorless at the concentration tested (control vials are shown in Figure S1 in SI). As a common feature, all particle types showed absorbance changes when exposed to dopamine and catechol, but with varying intensity (Figure S2 ). This suggests that the oxidase like activity is a common feature of nanoceria regardless of the synthesis procedure, but as expected, this varies with particle size and agglomeration status.
These experiments demonstrate the variability of the oxidase like activity of these particles on the surface and physicochemical properties, as discussed below.
Figure 1
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The highest intensity was observed for aqueous dispersions containing particles of < 30 nm, as determined by PSD (particle size distribution)/DLS measurements. The particles dispersed in acetic acid showed higher absorbance values as compared to the other types of particles. By comparison, the nanoceria powders showed significantly lower changes in optical properties.
This behavior can be related to the PSD values of the particles, which were higher in the case of nanoceria and doped nanoceria powders e.g. (137-850±8-60 nm) as compared to those of nanoceria dispersions (18.9-78.7±1.5-5nm); see Table S1 . Similarly, a decreased zeta potential value was observed in the case of nanoceria and doped nanoceria powders, (-8.49-12±1.5 mV) indicating that these particles have a higher tendency to aggregate. By comparison, the nanoceria dispersions were characterized by high zeta potential values (25-35±2 mV) . This explains the high stability of the dispersion because they conserve their surface reactivity at the nano scale. The different sizes and particle types can also have varying ratios of Ce 3+/4+ on the surface, and can contain surface ligands that may affect reactivity. The maximum change in color was observed for the nanoceria dispersion in acetic acid, which could be attributed to their lower particle diameter (18.9±1.5 nm) and the high positive zeta potential (+35±2 nm). This indicates good colloidal stability, probably due to the chelating effect of acetate on ceria. This analysis demonstrates that reactivity varies significantly among different types of particles.
Effect of pH, ionic strength and buffer composition
Since the catalytic properties of NPs are highly dependent on the pH of the reaction medium and buffer anions [39] , it was important to investigate the effect of these parameters. Figure   S3 shows the effect of pH on dopamine oxidation for a nanoceria dispersion in the pH range from 6 to 8 in PBS. The pH effect for the six other types of particles is provided in Figure   S4 (SI). The highest activity quantified from the optical changes was observed with nanoceria 
Figure 2
The reduced reactivity in the buffer can be attributed to the formation of cerium phosphate on the particle surface [40] , resulting in a partial inactivation of the surface. This prevents the reaction with the phenolic compounds by blocking the interconversion between Ce 4+ /Ce To assess the effect of other anions, dopamine reactivity tests were also performed with citrate and acetate buffers under a varying pH. Nanoceria reactivity was observed to decrease with decreasing pH for both types of buffers ( Figure S6-Figure S7) . As compared to phosphate, the color intensity in acetate and citrate was more strongly dependent on the pH.
The acetate was more reactive against dopamine than citrate and both showed lower reactivity at lower pH values. We note, however, that the reactivity in buffers is lower than that measured for the same particle type and dopamine concentration in water. This indicates the high variability of this reaction on the physicochemical properties of these particles as well as on the reaction conditions and buffer environment.
Effect of particle concentration
The oxidase like activity is strongly dependent on the available reactive surface of the NPs.
To determine the effect of nanoceria concentration, fixed concentrations of dopamine and catechol were incubated with varying concentrations of nanoceria particles ranging from 0.125 to 1x10 3 mg/L. Figure 3 shows the absorption spectra of different concentrations of water dispersed nanoceria in the presence of dopamine and catechol. It can be seen that the absorption peak increases with increasing the particle concentration for both of the analytes.
However, the color intensity for the same particle concentration is different when the same concentration of catechol and dopamine was used. This can be due to the different chemical structure and redox potential which favors catechol oxidation. It should be noted, however, that while higher particle concentrations may lead to an elevated signal, this can also result in 13 | P a g e increased background absorption and light scattering. A concentration of 1x10 3 mg/L was selected to prevent aggregation and light scattering for the analytical characterization of the method. Figure 3 
Kinetic analysis and comparison with the enzyme based reaction
The oxidation of dopamine and catechol by nanoceria is initiated almost instantaneously and can be seen by the immediate appearance of the brown color and the strong absorbance band.
A similar behavior for varying concentrations of particles further confirmed the fast reactivity of nanoceria for catechol and dopamine oxidation ( Figure S8 ). The reaction rate for an incubation period of 1h is shown in Figure S9 . 
Nanoceria based detection of dopamine and catechol
The rapid color change and the strong absorbance characteristics of the oxidation of dopamine and catechol by nanoceria indicate that these particles can be used for oxidation and as color indicator reagents for the detection of these compounds. Characterization of the analytical assay was performed in optimized conditions with water as the solvent, with the aqueous 14 | P a g e nanoceria dispersion in acetic acid and with a concentration of particles of 1x10 3 mg/L. Figure 5 displays the calibration curves for dopamine and catechol detection by nanoceria.
The spectroscopic response increases linearly with the increasing concentration of dopamine and catechol, with a linearity range between 1 and 400 µM for catechol and between 1 and 800 µM for dopamine. The limits of detection (LOD) for dopamine and catechol were 1.5 and 0.2 µM, respectively, according to the 3σ criteria. The graphs in Figure 5 show replicate analysis from three independent trials. This method showed excellent reproducibility with a coefficient of variability of less than 1% (see Table 2 for a comparative analysis). By comparison, the LODs for dopamine and catechol for the corresponding enzymatic reaction were 50 and 30 µM. This shows that the nanoceria detection is several times more sensitive than the conventional tyrosinase assay (in optimized conditions). The calibration curves of the enzyme assay for dopamine and catechol are shown in Figure S14 . 
Interferences study and real sample analysis
To investigate the specificity and selectivity of the proposed assay, the reactivity of possible interfering compounds including glucose, glycine, histidine, L-glutamic acid, phenylalanine,
K and Na ions were tested under similar experimental conditions as those described for dopamine and catechol. Changes in the optical properties of the reaction mixture and UV-Vis study were performed to characterize the reaction. As seen in Figure 6A , these compounds did not show any reaction with the nanoceria particles, and no absorption peaks were observed for these compounds. We further studied the selectivity of the nanoceria assay against different types of phenolic compounds. Figure 6B shows the changes in optical properties and absorption spectra obtained with phenolic compounds. A variation in the nanoceria reactivity was observed depending on the type of phenolic compound tested. The 15 | P a g e highest intensity was obtained for catechol and dopamine while the other phenolics tested do not show immediate color changes. The reaction is dependent on the chemical structure of these compounds and is favored for o-substituted phenols like dopamine and catechol. While the other phenolics tested (quercetin, hydroquinone, bisphenol A and even phenol) do react with nanoceria, the oxidation is slower than that of dopamine and catechol; the sensitivity of the assay for these compounds is limited (a color change is observed for higher concentrations and longer incubation times). We should state that tyrosinase is a general oxidative enzyme for phenolic compounds [25, [41] [42] [43] and has limited specificity. In this respect, the results suggest that the nanoceria assay is more selective as compared to tyrosinase detection methods. 
Comparison between the nanoceria and tyrosinase assays
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One of the objectives of this work was to comparatively establish the characteristics of this method versus that of an oxidative enzyme that is commonly used for the detection of phenolics. We have selected for this purpose tyrosinase, a copper protein that is widely used in bioanalytical assays for the detection of phenolic compounds, including dopamine and catechol. We first performed kinetic analysis and optimization tests for the enzyme with the two substrates. The results are included in the SI (Figure S10-S13) .The oxidation products of the enzymatic reaction, dopaquinone and quinone show characteristic peaks at 476 nm and 388 nm, respectively. By comparision, the peaks of the oxidation products by nanoceria are red shifted to 520 and 500 nm for dopamine and catechol, respectively. We attribute the enhanced spectral features to formation of charge transfer complexes, which could provide increased detection characterisitcs and higher sensitivity for the nanoceria assay. the absorbance values, we estimate that 1 mU/mL tyrosinase corresponds to 28.3 mg/ml nanoceria. Tyrosinase oxidation of dopamine and catechol requires a specific pH medium, while nanoceria particles show maximum reactivity in deionized distilled water. Tyrosinase is a more expensive catalyst, while nanoceria particles can be purchased relatively inexpensively or can be synthesized in the laboratory in large quantities. Moreover, the particles are stable at room temperature and conserve their 'oxidase activity' for years. This is a significant advancement over the enzyme catalyst that is sensitive to changes in temperature and pH, and 17 | P a g e can lose its activity overtime and requires refrigeration. All of these merits make nanoceria particles promising candidates for the development of analytical assays for the detection of phenolic compounds.
Conclusion
In summary, this work explored the oxidase like properties of nanoceria particles and established the optimum operational parameters and reaction conditions in the development of colorimetric assays for the detection of phenolic substrates. Several types of particles and reaction conditions were tested to establish conditions of use that maximize the oxidase like activity. All particle types showed absorbance changes when exposed to dopamine and catechol in water, but with varying intensity. This suggests that the oxidase like activity is a common feature for nanoceria regardless of the synthesis procedure, but this varies with particle size and agglomeration status. The use of phosphate buffer was found to reduce assay sensitivity due to formation of cerium phosphate on the particle surface. The comparative study with the enzyme counterpart indicated that the nanoceria assay is more sensitive than the tyrosinase assay for detection of dopamine and catechol. The same assay could be used as a general sensing platform for the detection of other phenolics. However, the sensitivity of the method varies significantly with the structure of the phenolic compound and seems to be favored for o-substituted hydroxylated phenols like dopamine and catechol. Further work is needed to establish the structural determinants of the oxidase activity for a larger class of phenolics.
Based on this study, the following general recommendations are provided when considering nanoceria as an oxidation catalyst for the development of analytical assays: (1) the use of water as solvent, (2) the use of stable NP dispersions that show high zeta potential 24 | P a g e 25 | P a g e 
